Abstract-We present a fiber-based radio-frequency signal distribution system. In our system, we use a hybrid technique, in which digital signal processing is combined with analog electronic architectures to effectively reduce the fiber-induced phase noises and ensure high-accuracy frequency distributions. The technique encompasses a digital signal processing module for active phase fluctuation analysis and a resistance-capacitance microwave phase shifter for the noise suppression. Our system achieves a fractional frequency transfer stability of 3 × 10 −14 at 1 s and ∼8 × 10 −17 at 5 × 10 4 s over a 22-km outdoor fiber link. The system is easily implemented and very scalable, while suppressing the fiber-induced phase noises by over two orders of magnitude in the long-term.
I. INTRODUCTION
H IGH-ACCURACY radio-frequency (RF) signal distributions via optical fibers have attracted a growing research attention in the past few years. The primary aim is to share state-of-the-art atomic frequency standards in distantly located laboratories. Research has demonstrated that fiber-based signal distribution techniques can provide stabilities a few orders of magnitude better than satellite-based techniques [1] , [2] . The benefit of the techniques is that fibers have both low attenuations and high reliabilities [3] . State-of-the-art fiberbased RF distribution systems have reached stabilities of better than 10 −18 over one day [4] , [5] . Their applications, such as remote synchronization for accelerators and antenna arrays [6] , [7] , typically require distribution distances ranging from a few hundred meters up to 20 km [6] - [8] . However, one vital problem of the fiber-based techniques is that the lengths of the fiber links could be fluctuated by environment perturbations, such as physical vibrations and temperature changes, which result in phase fluctuations (noises) for the signals received at the receiving ends. An effective way to reduce the fiberinduced noises is the so-called round-trip correction method [9] , [10] : using reflection or regeneration methods at the receiving ends, the fiber-induced noises can be measured and compensated at transmitting ends.
Most of current long-term compensation techniques for fiber-based RF signal distributions are realized by using optical group-delay actuators [8] , [11] , [12] : by tuning the actuators, lengths of the fiber links can be stabilized and the induced noises on the RF signals are therefore suppressed. However, one disadvantage of the optical techniques is that the adjusting ranges of the optical actuators are limited. The length variations may be beyond the ranges and are therefore difficult to be compensated. The problem can be solved by using electronic compensation techniques. In 1980s, Lutes used an analog-electronics based technique to compensate the fiber-induced noises in a 100-MHz frequency signal distribution [10] . The technique was further developed by Santarelli et al. in long-range frequency transfers [13] . In 2011, Hou et al. introduced a frequency synthesizing module and proposed a digital-electronics based compensation technique [14] . In their system, the distributed signal is digitally synthesized to attain controllable phases, and the phase fluctuation is compensated by tuning the phase of the signal. Very recently, a novel all-digital frequency distribution system was proposed by Hsu et al. [15] .
In this letter, we demonstrate a RF signal distribution system with both digital and analog electronics architectures. In our system, a digital signal processing (DSP) platform is used for active data analysis and digitally controlling of a high-frequency resistance-capacitance (R-C) microwave phase shifter. Analog mixing, splitting and amplification components are also involved. The technique takes advantage of both high-accurate signal processing from digital electronics and fast-speed measurement from analog electronics. In order to reduce the influences of the fiber-induced attenuation, two lasers are used at both transmitting and receiving ends. Two high-orthogonality [5] , [15] and high-purity RF signals, which are extracted from a stabilized optical pulse train, are used for local references. The system was tested over a 22-km outdoor fiber, and a fractional frequency transfer stability of ∼8 × 10 −17 at 5 × 10 4 s is demonstrated.
II. EXPERIMENTAL SETUP AND RESULTS
The experimental setup of the proposed round-trip correction system is showed in Fig. 1 . The distributed RF reference is a 1-GHz microwave, which is extracted from a stabilized optical pulse train. The duration of the pulses is less than 150 fs. The pulses are generated from a mode-locked Er-fiber laser, of which the repetition rate is ∼143 MHz and are stabilized to a commercial Rb atomic clock. By using a fast photodiode, narrow-pass filters and microwave amplifiers, the 1-GHz RF signal is generated by detecting the 7th harmonic of the repetition rate. One advantage of generating RF signals from optical pulse train is that the phase noises of the RF signals are very low [16] , [17] while the implementation is simple. Besides, by detecting different harmonics of the repetition rate, multiple RF signals with well coherent phases can be generated simultaneously for further phase measurement. More details of the measurement will be given in the following context.
At the local end, the distributed RF signal first pass through the R-C phase shifter and then modulates the intensity of a 1.55-μm, 15-mW DFB laser diode, of which the output beam is fed into an outdoor optical fiber link. The fiber link is composed of a 22-km, SMF-28 single-mode fiber and has an attenuation of ∼6 dB. The fiber is placed in spools and exposed in overground, outdoor environment. The measured propagation delay change reached ∼50 ps (peak-to-peak) in 6 hours. Fiber connectors instead of fusion-splicing are used near the two ends of the fiber link to imitate a nonideal link. At the remote end of the fiber, the modulated optical beam is detected by using a fast photodiode. Correspondingly generated 1-GHz signal is then used to synthesize a coherent RF signal at 3 GHz. The synthesizing is performed by using a passive 3rd harmonic generator which can provide good phase coherence. This 3-GHz signal exhibits the phase fluctuations of the forward distribution. It then modulates the intensity of a second laser diode (almost identical with the former one), of which the output beam transfers back via the same fiber. Two optical circulators are used at both ends respectively to separate the forward and backward optical beams.
At the local site, a second fast photodiode is used to detect the backward optical beam. This detected modulation signal exhibits phase fluctuations induced by one round trip. The measurement of round trip phase fluctuation is then realized by phase-comparing this backward signal with the 3-GHz local references. The comparison is operated at 3 GHz to attain high measurement sensitivity.
Before the backward signal is used for phase measurement, it passes through a narrow band-pass filter to remove the backscattered noises induced by the inconsistences and nonlinearities of the fiber, such as fiber connectors, bad fusion-splicing points and Brillouin back scattering [5] , [15] . In our previous fiber-based signal distribution scheme [18] , the system requires that the fiber link should be near ideal so that back-scattered optical beams could be avoided. Therefore, the previous system could be difficult to be applied in practical conditions, as the issue can cause significant errors to the system [5] . However, in this system, errors caused by the signals can be removed by using corresponding narrow band-pass filters at both ends. Practicability of this system is therefore greatly improved.
The filtered signals are amplified by RF amplifiers with automatic gain control so that stable RF powers can be maintained for accurate measurement. At the local site, the amplified RF signal is fed into two frequency mixers to detect the phase differences between it and two local signals: the 3rd harmonics of the initial reference signal and the phase-shifted signal. The harmonics are generated by directly detecting the 21st harmonic of the optical pulse train's repetition rate and by using a second passive 3rd harmonic generator respectively.
The optical link suffers from phase fluctuations due to the varying length of the fiber. Assuming the fiber-induced phase fluctuation observed at the remote site is ϕ p , phase of the returned signal, ϕ return , is given as:
where ϕ 0 is the initial of the reference signal and ϕ c is the shifted phase provided by the phase shifter. By mixing the signal with the local signals, two phase differences, ϕ ir and ϕ pr can be obtained respectively as:
The voltages correspond to ϕ ir and ϕ pr are amplified by two low-frequency amplifiers. The DC offsets of the amplifiers are adjusted carefully so that their output is 0 V when the phase of input signals is in quadrature. Moreover, the gains of the amplifiers are tuned accurately to make sure the powers of the round-trip phase-error signals keep balanced. To test and calibrate the balance, we used another phase shifter at the remote end to generate arbitrary round-trip phase differences, and checked whether the powers of the phase-error signals from the two amplifiers kept approximately the same with each other.
The amplified voltages are detected by two 16-bit analogto-digital converters (Analog Device, AD7694). The sample rate of 150 K/s and the resolution is <10 μV. The generated digital signals are analyzed by a DSP (Texas Instruments, TMS320VC5416) module. The DSP module digitally amplifies the phase differences to fully utilize its resolution for calculation (64 bits). Furthermore, a 50-order digital finiteimpulse-response filter is designed to remove unwanted highfrequency noises. The loop bandwidth is digitally set to ∼1 KHz to balance the tracking speed and loop stability. The DSP module produces a 16-bit digital control signal to control the phase shifter, which provides a phase shift resolution less than 0.05 mrad. ϕ c is therefore tuned accurately, and by nulling ϕ ir −(1/2)ϕ pr through the DSP module, the following equation is satisfied:
Thus, the phase of the received signal at the remote site is ϕ 0 , and the fiber-induced phase fluctuation is compensated. The combination of DSP module and analog mixing ensures that both accurate and fast compensations can be attained. The system can also provide a larger compensation range than conventional optical group-delay actuators, because the phase shifter can be controlled to generate arbitrary values for compensations. We first evaluate the noise suppression performances by analyzing the typical out-of-loop residual phase noise of the received RF signal at the remote end. The measured data is given in Fig. 2 . From the figure we can see that when the compensation technique is not used, the phase noise reaches −92 dBc/Hz at 1 Hz. However, by using the proposed technique, the noise is reduced to −108 dBc/Hz at 1 Hz. By comparing the data measured in these two conditions, it can be seen that the noises for frequency offset ranging from 1 Hz to ∼200 Hz are obviously reduced. This result implies that the proposed system not only compensates slow-drift phase variations, but also can compensate fast phase fluctuations which may be caused by burst length fluctuations. By integrating the phase noise between 1 Hz and 100 kHz, we calculate the timing jitter to be less than 100 fs.
Furthermore, we characterized the stability performance of the proposed RF signal distribution system at the remote site. Same with most previous researches [10] , [12] - [15] , [18] , Allan deviation is used in this evaluation. The calculated stability is given in Fig. 3 . Trace (i) shows the stability when no phase noise suppression is used. The Allan deviation for this free-running condition is 3.0 × 10 −12 at 1 s. Then, we utilized the proposed compensation to suppress the fiber-induced noises and test the stability performance. The stability performance is shown by trace (ii). The trace shows that the stability is enhanced by over two orders of magnitude, reaching 3 × 10 −14 at 1 s and ∼8 × 10 −17 at 50000 s. The in-loop root-mean-square phase fluctuation is also reduced from ∼8 ps to ∼30 fs (7 Hz measurement bandwidth) in over 24 hours, and the suppressed in-loop fluctuation is within 150 fs. The stability provided by our system is high enough for most applications using fiber-based RF signal distributions. Trace (iii) shows the stability when the 22-km fiber is replaced by a 5-m fiber. The fiber noise suppression, given by the difference between traces (i) and (ii), is over two orders of magnitude for time scales larger than 10000 seconds.
III. CONCLUSION
We propose a hybrid analog-digital fiber-based RF distribution system. The system benefits from the combination of digital and analog electronics, and it can provide both high-accuracy and fast compensations of fiber-induced phase fluctuation. Results show that the system can ensure over two orders of magnitude of fiber noise suppressions. The system is very easily implemented and scalable. It can be used in wide varieties of applications, including remote clock synchronization, phase synchronization for distantly located accelerators, antenna arrays, and state-of-art frequency references sharing. The system could potentially be used over much longer distances (>100 km) by adding optical amplifers with low noises.
